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• OECD 29 transformation/dissolution
(T/D) protocol was applied to silver
nanoparticles (AgNPs).
• Operationally deﬁned fractions of
AgNPs (<0.2 μm) and Ag ions
(<3000 Da) were quantiﬁed.
• Only a low T/D rate of AgNPs to ionic
silver was observed, with a maximum
transformation of 2.8% at pH 6.
• T/D behavior strongly depended on
loading, salt concentrations and pH,
respectively.
• Revision of T/D guidance is recom-
mended: ionic strength should be
kept constant upon pH variation.
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a b s t r a c t
The OECD guidance document No. 29 was designed to determine the rate and extend to which metals
can produce soluble available ionic metal species. This transformation/dissolution protocol was applied to
silver nanomaterials. The results prove that concentrations of released Ag+ at pH 8 were nearly similar
at all three different loadings. At pH 6, the concentration of Ag+ was almost the same at loadings of
10 and 100 mg L−1 AgNPs. However, the study showed changes in concentrations of nanoparticles and
aggregates (operationally deﬁned as the fraction passing a 0.2 μm ﬁlter). At the higher pH both the
concentrations in the test medium of Ag+ and of AgNPs (fraction < 0.2 μm) decreased. After 7 days of
test duration, 71 μg L−1 of Ag+ was found in pH 6 medium (initial loading of 100 mg L−1). In pH 8
medium a maximum concentration of 29 μg L−1 Ag+ was measured (initial loading of 10 mg L−1). The
maximum transformation from AgNPs to Ag+ was 2.7% (27 μg L−1) in pH 8 medium (loading of 1 mg L−1)
after 7 days. At an initial loading of 100 mg L−1 AgNPs in medium at pH 8, only 0.03% (30 μg L−1)
were transformed to Ag+ after 7 days. At the loading of 1 mg L−1 AgNPs all silver concentrations remain
relatively constant for the duration of the test after 7 until 28 days. The results reveal that only low
concentrations of Ag+ are released from AgNPs under the applied conditions.
© 2015 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
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o. Introduction
Silver nanoparticles (AgNPs) are used for various applications,
.g. in consumer products like cosmetics, disinfecting medical de-
ices or food packaging. For these usages the formation of ionic sil-
er from the nanoparticles is prerequisite since Ag+ causes the an-
imicrobial properties of AgNPs. After release from products ionic
ilver could cause various effects in the environment. Thus the
haracterization and assessment of the release of ionic silver from
gNPs under environmental conditions is a major topic in nanopar-
icle research.
The ecotoxicity of silver nanoparticles (AgNPs) has been the
ubject of intense research (Levard et al., 2012; Handy et al., 2011)
nd potential effects on several organisms have been discussed
Ratte, 1999; Navarro et al., 2008; Fabrega et al., 2011). The dis-
olution and transformation of AgNPs into ionic silver has been in-
estigated (Lee et al., 2012; Kent and Vikesland, 2012; Zhang et al.,
011) and the toxicity of AgNPs on several organisms has been ex-
mined (Bone et al., 2012).
The toxicity of AgNPs on the aquatic and terrestrial environ-
ent is mostly explained by the release of silver ions (Navarro
t al., 2008). The dissolution seems to depend on several factors
s pH, salinity as well as the presence of divalent ions and natural
issolved organic matter (Handy et al., 2011).
The main effects of ionic silver are the inhibition of the activity
f Na+-/K+-ATPases and a dysfunction of the mitochondria caused
y the accruement of reactive oxygen species (Bone et al., 2012).
he effect concentration (EC50) of dispersed AgNPs for Daphnia
agna was determined to 7.98 μg L−1 (Lee et al., 2012). For
anio rerio, Chio et al. (2012) calculated a mean LC50-value of
6.2 mg L−1 for AgNPs with a mean diameter of 5–20 nm.
In the present study, the solubility of AgNPs in standardized
ater according to OECD guidance document 29 (OECD, 2001) sim-
lates environmental conditions with deﬁned salt concentrations.
nderstanding the transformation and dissolution of AgNPs form-
ng ionic silver can help to predict ecotoxicological effects on the
nvironment (Zook et al., 2011).
Zhang et al. (2011) reported that the dissolution of AgNPs with
mean diameter of 20 nm in media in the absence of chlo-
ide is higher than in media containing this anion. On the other
and, the presence of chloride and other ions can result in an in-
reased formation of aggregates and other agglomerates of AgNPs
Chernousova and Epple, 2013). Loza et al. (2014) showed that re-
eased silver ions rapidly precipitated as silver chloride and the
g+ concentration was “very small (<1 ppb)”.
Here the OECD (2001) protocol was applied to investigate the
ransformation and dissolution (T/D) behavior of NM-300 K AgNPs
n standardized water with deﬁned salt concentrations in order to
imulate environmental conditions. The OECD 29 guidance docu-
ent is often applied for the assessment of the environmental be-
avior of metals and metal compounds as reported by Skeaff et al.
2011). Furthermore the transformation and dissolution of different
etal species (e.g., oxidation states) of a compound can be inves-
igated by this approach (as reported, e.g., by Skeaff et al., 2008).
he focus of this study was to describe the behavior of both, Ag-
Ps and Ag+, during a T/D test period of up to 28 days. The out-
ome should be used to assess the applicability of the transforma-
ion/dissolution testing according to OECD guidance document No.
9 in general and speciﬁcally for nanomaterials.
. Materials and methods
.1. Test design
The transformation/dissolution (T/D) test was performed fol-
owing OECD guidance document No. 29 (OECD, 2001). The testsere conducted at pH 6 and 8. Three loadings (1, 10 and
00 mg L−1) of AgNPs were applied. For each loading at each pH
he test was performed in triplicate. The vessels were placed on or-
ital shakers in a thermostatically controlled room (21.5 ± 1.5 °C).
.2. AgNPs
In the stock dispersion AgNPs (NM-300 K) were stabilized
n polyoxyethylen-glycerol (20) with sorbitan-mono-laurat (Tween
0), with 4% w/w% each (Klein et al., 2011). The nanoparticles
xhibit a mean diameter of 20 nm with no additional coating
eferred to manufacturer information. The stock dispersion con-
ained 200 mg AgNPs in 2 mL of solution. For the test, 8 mL ul-
rapure water (>18 M cm; Purelab Ultra MK 2 Analytik; ELGA
abWater) was added to the stock dispersion followed by soniﬁ-
ation for 15 min (VWR; standard laboratory Ultrasonic Cleaner;
SC1200TH). Then, the required amount of nanoparticles was re-
oved from this dispersion. For example, 5 mL of this dispersion
ontained 100 mg AgNPs. Before addition of AgNPs to the test
edium, an identical volume of test medium was removed from
he vessels to ensure exact loadings.
.3. Test medium
For pH 8, the applied test medium consists of the following
alts and concentrations: NaHCO3 65.7 mg L
−1, KCl 5.75 mg L−1,
aCl2 × 2H2O 294 mg L−1 and MgSO4 × 7H2O 123 mg L−1. This
esembles the standard medium according to OECD guidance doc-
ment 29 with deﬁned salt concentrations (OECD, 2001). For pH
, the medium has 5% of the given salt concentrations for pH
.1 L of the medium was always ﬁlled into 3 L vessels to ob-
ain a deﬁned liquid to air ratio in accordance with the OECD
uidance document 29. Test media were prepared at least 24 h
rior to applying the AgNPs to establish stable pHs and equili-
rate with carbon dioxide from the air. The concentration of total
hloride for pH 8 media was 4.08 mmol L−1 = 145 mg L−1 and
.208 mmol L−1 = 7.23 mg L−1 for pH 6 media, respectively.
.4. Sampling and sample preparation
Samples were taken after 2 h, 6 h, 24 h, 96 h and 168 h for
ll loadings. For the loading of 1 mg L−1 additional samplings af-
er 336 h, 504 h and 672 h were required. For each sampling point
nd each vessel the pH (WTW Weilheim inoLab 720, WTW pH-
lectrode SenTix 41) and the oxygen concentration (HANNA Instru-
ents HI9146, Electrode Hl76407/4F) was measured.
Volumes of 2 × 20 mL for total silver analysis and 5 mL for
entrifugal ﬁltration were taken from each vessel at each sampling
oint. The withdrawn solution was replenished with the respec-
ive media after samplings according to the guidance document:
35 mL after 24 h and 45 mL after each following sampling, ex-
ept after last sampling points.
.5. Speciation of total and ionic silver
For assessment of the concentrations of different silver species
t is of great importance to differentiate between dispersed sil-
er <0.2 μm and silver ions. The separation of silver species
0.2 μm (operationally deﬁned AgNPs’ and agglomerates’ fraction)
as achieved by ﬁltration through a polyethersulfone (PES) mem-
rane ﬁlter (0.2 μm; DIA-Nielsen). The operationally deﬁned ionic
ilver fraction was separated by centrifugal ﬁltration using 3000 Da
ouble PES membrane vials (Sartorius Stedim Biotech; Vivaspin 6).
herefore, tubes were centrifuged at 2600 × g for 60 min at 20 °C
Thermo Electron Corporation, Jouan CR3i). Validation experiments
f a similar centrifugation protocol by Levard et al. (2013) revealed
2020 C. Wasmuth et al. / Chemosphere 144 (2016) 2018–2023
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Fig. 1. Dissolution of 1 mg L−1 AgNPs (NM-300 K) in OECD 29 test medium at pH
6 (7.23 mg L−1 Cl−) for silver < 0.2 μm (), Ag+ (◦) and at pH 8 (145 mg L−1 Cl−)
for silver < 0.2 μm (), Ag+ (●).the applicability of the method, i.e. the ions were nearly separated
completely (approx. 97%) from the AgNPs.
2.6. Analysis
The silver analysis was performed by ICP-MS (Agilent Technolo-
gies; 7700 Series) and ICP-OES (Agilent Technologies; 720 Series).
2.6.1. Analysis with ICP-OES
For samples with an expected concentration above 1.5 μg L−1
the analysis was performed by ICP-OES. For sample preparation,
200 μL of each sample were dissolved in 400 μL nitric acid (69%,
Carl Roth GmbH & Co. KG; Rotipuran Supra) and manually agitated
for one minute. Afterward, 5.4 mL hydrochloric acid (30%, J.T. Baker
Avantor Performance Materials B.V.; Instra-analyzed) was added to
the sample. The excess of hydrochloric acid is necessary to form
the soluble [AgCl2]
− complex (Zook et al., 2011). Silver was de-
tected by ICP-OES at a wavelength of 328.068 nm. For measure-
ment, the stabilization time was 15 s and each sampling period
was 30 s. The plasma conditions were optimized to 950 W. Gas
ﬂows were 15 L min−1 for plasma gas, 1.5 L min−1 for cooling gas
and 0.75 L min−1 for the nebulizer gas.
2.6.2. Analysis by ICP-MS
The prepared samples (2.6.1) were diluted by mixing 1 mL of
sample with 3 mL of nitric acid (10%) for analysis by ICP-MS. Sil-
ver was quantiﬁed using isotope 107Ag. A rhodium standard (Merck
KGaA; CertiPUR) was applied as internal standard. All concentra-
tions were evaluated using the data of the no-gas mode of the
analytical device. The data of the gas modes of the collision cell
were not used because interferences at 107Ag were not observed.
Integration time was set to 0.1 s and plasma conditions were ad-
justed to 1500 W. Gas ﬂows were 0.96 L min−1 for carrier gas and
0.13 L min−1 for dilution gas.
2.6.3. Calibrations
For the ICP measurements matrix adjusted calibrations were
applied. A standard with a concentration of 1 g L−1 silver in 0.5 M
nitric acid (Merck KGaA; CertiPur) was used for preparing calibra-
tion solutions.
2.6.4. Limit of detection (LOD) and quantiﬁcation (LOQ)
The LOD was calculated as three times the standard deviation
of calibration blanks in counts per second (CPS) divided by the
slope of the calibration (Geiss and Einax, 2001). The LOQ was cal-
culated as three times the LOD. This method follows the German
standard DIN 32645, current version 2008, according to Geiss and
Einax 2001.
2.7. Validation and quality assurance
2.7.1. Validation of the digestion procedure
To accurately quantify the silver concentrations it was necessary
to dissolve the AgNPs. Therefore, a volume of 10 μL of the dis-
persed particles was added to a vial. The nominal mass of silver in
this vessel was 200 μg. The particles were dissolved in 9.99 mL of
nitric acid (2%). The resulting nominal concentration of silver was
20 mg L−1. 20 μL of this solution were dissolved in 300 μL ni-
tric acid (2%) and 680 μL nitric acid (30%). After agitation 9.00 mL
HCl (30%) were added. The ﬁnally resulting nominal concentration
of silver of 40.0 μg L−1 was compared to the measured concen-
tration of 40.2 μg L−1. The recovery was calculated to be 100.5%,
demonstrating the applicability of the digestion procedure.
2.7.2. Mass balance
For veriﬁcation, a mass balance was performed, to ensure the
exact loadings of the AgNPs. The mass balance was conducted withn exemplarily chosen vessel (loading of 10 mg L−1 AgNPs). There-
ore all used equipment was washed with aqua regia (HNO3 [69%]
nd HCl [30%] in a ratio of 3:1) and the resulting solutions were
uantiﬁed for their silver content. After test end 500 mL of aqua
egia were added to the remaining volume in the respective ves-
el and the latter was sampled after 24 h. All aqua regia solutions
ere investigated for their silver content and the mass balance was
alculated using this data. Resulting mass of silver in the solutions
s well as in the samples were added and compared to the theo-
etical weighted mass of AgNPs. After quantiﬁcation the total mass
f silver in the vessel was 9.77 mg (97.7% of the loading). 92.7% of
he silver remained in the vessel, either precipitated or adsorbed
o the glass. The difference of 7% corresponds to the silver in the
olume removed as samples and in the ﬁlter membranes.
.7.3. Blanks
All method blanks sampled during the T/D test exhibited total
ilver concentrations below LODs (<0.922 ng L−1 for ICP-MS and
0.062 μg L−1 for ICP-OES).
. Results
.1. Testing with a loading of 1 mg L−1 over 28 days
At pH 6 the concentration of silver <0.2 μm changes dur-
ng 28 days. After 2 h the concentration of silver <0.2 μm
as 140 ± 40 μg L−1, after 6 h 120 ± 20 μg L−1 and af-
er 24 h 150 ± 40 μg L−1. The silver concentration <0.2 μm
fter 24 h equals the amount of silver <0.2 μm after 96 h
ith 150 ± 30 μg L−1. The silver concentration <0.2 μm af-
er 168 h was 39 ± 32 μg L−1 and decreased within 672 h to
.67 ± 3.72 μg L−1. The concentrations of ionic silver at all sam-
ling points were quantiﬁed to be in the range 5.34–39.1 μg L−1.
At pH 8 the concentration of silver <0.2 μm decreases dur-
ng the test. After 2 h the silver concentration <0.2 μm was
20 ± 60 μg L−1, after 6 h 38 ± 14 μg L−1, after 24 h
4 ± 1 μg L−1, after 96 h 24 ± 1 μg L−1 and at 168 h
6 ± 1 μg L−1. Although some standard deviations do not point
t clear differences between the values a decrease is observ-
ble in Fig. 1. In the period from 336 h to 672 h nearly no
hange in the concentration of silver <0.2 μm can be seen (range:
4.2–32.7 μg L−1). The concentration of ionic silver during the
68 h testing period was always in the range of μg L−1 (12.3–
8.3 μg L−1), indicating a low transformation and dissolution of
gNPs to free ionic silver at a stable level. The mean pH values
uring 28 days of testing were measured to be 6.17 ± 0.18 and
.61 ± 0.18, respectively, for the different media. The pH values
howed only low variations.
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Fig. 2. Dissolution of 10 mg L−1 AgNPs (NM-300 K) in OECD 29 test medium at pH
6 (7.23 mg L−1 Cl−) for silver < 0.2 μm (), Ag+ (◦) and at pH 8 (145 mg L−1 Cl−)
for silver < 0.2 μm (), Ag+ (●). Please observe different scales for the left- and
right-hand y-axes.
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Fig. 3. Dissolution of 100 mg L−1 AgNPs (NM-300 K) in OECD 29 test medium at
pH 6 (7.23 mg L−1 Cl−) for silver < 0.2 μm (), Ag+ (◦) and at pH 8 (145 mg L−1
Cl−) for silver < 0.2 μm (), Ag+ (●). Please observe different scales for the left-
and right-hand y-axes.
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.2. Testing with a loading of 10 mg L−1 over 7 days
At pH 6 the concentration of silver <0.2 μm decreases dur-
ng 168 h. After 2 h the concentration of silver <0.2 μm was
400 ± 160 μg L−1, after 6 h 3570 ± 720 μg L−1 and after 24 h
940 ± 790 μg L−1. The silver concentration <0.2 μm after 24 h
quals the amount of silver <0.2 μm after 96 h and 168 h. The
oncentration of ionic silver at all sampling points was in the range
f 67.2–86.2 μg L−1.
At pH 8 the concentration of silver <0.2 μm decreased
uring the test. After 2 h, the silver concentration <0.2 μm
as 5900 ± 120 μg L−1. Then, levels decreased. After 6 h
550 ± 90 μg L−1, after 24 h 1600 ± 260 μg L−1, after 96 h
10 ± 20 μg L−1 and after 168 h only 60 ± 20 μg L−1 was mea-
ured. Fig. 2 visualizes the decrease of Ag in the medium in the
eginning of the test. The concentration of ionic silver during the
68 h of testing was always in a low range (24.1–29.0 μg L−1),
ndicating a low transformation and dissolution of AgNPs to ionic
ilver under these conditions.
During the 168 h of testing the measured mean pH val-
es + standard deviations were 6.07 ± 0.15 and 7.92 ± 0.10. The
edia without silver additions had mean pH values of 6.10 ± 0.13
nd 7.90 ± 0.11.
.3. Testing with a loading of 100 mg L−1 over 7 days
At pH 6, the silver concentration <0.2 μm decreased from
7,340 ± 5920 μg L−1 (2 h) to 48,030 ± 7570 μg L−1 (168 h).
fter 24 h the concentration of this fraction in the test medium
as 52,100 ± 5600 μg L−1. From 96 h to 168 h the concentration
f silver was in a range of 46,880–48,030 μg L−1. The concentra-
ion of ionic silver did not change during the 168 h of testing and
emained in the range of 71–105 μg L−1.
At pH 8 the concentration of silver <0.2 μm decreased dur-
ng the test. After 2 h the silver concentration <0.2 μm was
7,300 ± 5900 μg L−1, after 6 h 52,900 ± 4300 μg L−1, after 24 h
4,300 ± 2400 μg L−1, after 96 h 7450 ± 2220 μg L−1 and af-
er 168 h only 3690 ± 530 μg L−1 were measured. At pH 8 the
oncentration of ionic silver did not vary, too. The amount of ionic
ilver remained at a calculated mean concentration of 27.8 μg L−1
range: 25.1–30.2 μg L−1) during the test period.
A decrease of the concentration of AgNPs <0.2 μm can be seen
n particular for the pH 6 medium during the ﬁrst 24 h of testingFig. 3). This might be explained with agglomeration of AgNPs or
ormation of precipitates.
During the 168 h of testing the measured mean pH val-
es + standard deviations were 6.04 ± 0.08 and 7.89 ± 0.12 (data
or media without silver addition see above).
.4. Concentrations of silver <0.2 μm and ionic silver after 168 h
The concentrations of silver <0.2 μm and ionic silver for all
oadings and pH-values are compiled in Table 1. For ionic silver
t was evaluated whether ﬁnal concentrations were different (one-
ided t-test, 95% signiﬁcance level). The concentrations for the op-
rationally deﬁned ionic silver fractions for the three loadings at
H 8 after 168 days were not signiﬁcantly different (Table 1).
The silver concentration <0.2 μm during the 168 h at pH 6
nd 8 increased with increasing loadings of AgNPs. Comparing the
ormed ionic silver after 168 h at the loadings of 1 and 10 mg L−1
t pH 6, a higher concentration at the higher loading was quanti-
ed. In contrast there was no clear-cut difference in the concen-
ration of ionic silver between the loadings of 10 and 100 mg L−1
Table 1). The standard deviations are given in square brackets in
able 1.
.5. Ionic silver in relation to the concentration of chloride ions
A study by Chernousova and Epple (2013) revealed that differ-
nt concentrations of chloride in test media are an important fac-
or controlling the concentration of free silver ions: If the concen-
ration of chloride in the test medium increases, the concentration
f free ionic silver decreases. In principle, this effect can be seen
n this study, too. Higher concentrations of chloride (pH 8 with
45 mg L−1 Cl−) in the test medium lead to a lower concentration
f free ionic silver in the water with deﬁned salt concentrations
fter 168 h, probably because of the potential formation of hardly
oluble silver chloride (loadings of 10 and 100 mg L−1 AgNPs).
owever, since the pH value has to be considered as another po-
ential factor inﬂuencing AgNPs stability, the observed effect can-
ot clearly be attributed to the chloride concentration alone. After
68 h at pH 6 (with 7.23 mg L−1 Cl−) the concentration of silver
0.2 μm is higher than the concentration of silver <0.2 μm at pH
. This effect is similar for all three loadings.
. Discussion
Lee et al. (2012) reported that approximately 36% of AgNPs
ere converted to dissolved Ag. This corresponds to a concentra-
ion of 360 μg L−1 Ag+ dissolved from 1 mg L−1 AgNPs. However,
2022 C. Wasmuth et al. / Chemosphere 144 (2016) 2018–2023
Table 1
Mean concentrations of silver <0.2 μm and percentage of ionic silver (operationally deﬁned) after 168 h (loadings of 1, 10 and 100 mg L−1, pH 6 and 8) with standard
deviations in square brackets. The chloride concentration for pH 6 was 7.23 mg L−1 and for pH 8145 mg L−1, (∗): signiﬁcant differences between samples of different
loadings, (∗∗): no signiﬁcant differences between samples of different loadings.
AgNP-loading
(mg L−1)
Silver <0.2 μm (μg/L) and percentage referred to
initial loading
Ionic silver (μg/L) and percentage referred to initial
loading
Percentage of ionic silver referred
to the concentration of
silver < 0.2 μm
pH 6 pH 8 pH 6 (∗) pH 8 (∗∗) pH 6 pH 8
1 (n = 3) 38.5 (3.9%) [± 32.4] 26.3 (2.6%) [± 0.5] 23.3 (2.33%) [± 17.5] 28.2 (2.82%) [± 0.9] 60.5 107
10 (n = 3) 2660 (26.6%) [± 380] 56.6 (0.57%) [± 15.8] 64.8 (0.65%) [± 2.8] 29.0 (0.29%) [± 1] 2.4 51.2
100 (n = 3) 48,000 (48.0%) [± 7600] 3690 (3.69%) [± 530] 70.9 (0.07%) [± 2.0] 28.8 (0.03%) [± 1.7] 0.15 0.78
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OLee et al. (2012) tested in air-saturated deionized water at 22 °C
and applied citrate-stabilized AgNPs colloids (SARPU 200 KW).
Compared to the results in the present study, the concentrations
of ions (from dissolved salts) in the applied water play an evi-
dent role in the T/D behavior of AgNPs. For the present inves-
tigation, uncoated AgNPs, stabilized by a dispersant, were used.
The observed Ag+ concentration in the test media was low, po-
tentially due to complexation and precipitation of silver chloride
as reported by Liu et al. (2011). Here, a maximum of 2.8% Ag+ was
formed from an initial loading of 1 mg L−1 AgNPs at pH 8 at a
chloride concentration of 145 mg L−1 (Table 1). The formation of
AgCl precipitates is supported by higher concentrations of Cl− (Liu
et al., 2010; El Badawy et al., 2011; Angel et al., 2013). This may
explain the rather low measured concentration of Ag+. The results
indicate that AgNPs are more inert in acidic medium with lower
chloride concentrations. Obviously, AgNPs can undergo transforma-
tions under alkaline conditions and higher chloride concentration
more rapidly. The measured concentration of ionic silver in the test
medium does not increase with higher loadings of AgNPs at pH 8.
At pH 6 this effect can also be observed, except for the loading of
1 mg L−1 AgNPs.
The maximum measured silver ion concentrations do not
clearly increase with the applied higher loadings (10 and
100 mg L−1) of AgNPs. According to the OECD 29 guidance con-
ditions (OECD, 2001), in pH 8 medium with an initial loading of
1 mg L−1 AgNPs and a chloride concentration of 145 mg L−1, a
maximum solubility of 2.8% (Ag+ ions) in relation to the loading
was found. At a loading of 100 mg L−1 at pH 8, a minimum solubil-
ity of 0.03% was detected. The total measured concentration of Ag+
in both media was nearly the same (28.2 and 28.8 μg L−1, Table 1).
In the pH 6 medium with a chloride concentration of 7.23 mg L−1
the percentage of soluble silver was 2.3% (1 mg L−1) and 0.07%
(100 mg L−1). The observed maximum total concentration of Ag+
in pH 6 medium is about 70 μg L−1 Ag+.
The OECD guidance 29 (OECD, 2001) asks for controlling pH,
salt concentrations and dissolved oxygen. According to the results,
the concentration of silver ions originating from AgNPs (ranges
from 0.03 to 2.8%, corresponds to 23–70 μg L−1 after 7 days;
Table 1) depends on loading, salt composition and pH. The per-
centage of silver ions in relation to the AgNPs loadings is 2.3% (pH
6) and 2.8% (pH 8) at a loading of 1 mg L−1. At higher loadings of
10 and 100 mg L−1 it decreases to 0.7% and 0.07% (pH 6) and to
0.3% and 0.03% (pH 8), respectively. The effect was similar under
both pH conditions.
In the present study concentrations of silver ions were in the
range of 9.25–70.9 μg L−1 after 7 days of testing. If the mea-
sured ion release from AgNPs could be transferred to environmen-
tal conditions, potential effects on, for example, Daphnia magna
(EC50 = 7.98 μg L−1 Ag+) cannot be excluded (Lee et al., 2012).
Holcombe et al. (1983) found a 96-h LC50-value of 6.7 μg sil-
ver nitrate L−1 for Pimephales promelas. Therefore, the ion re-
lease from silver nanoparticles observed in the present study may
also cause effects if a similar ion release under environmental aonditions occurs. For Ictalurus punctatus (Channel Catﬁsh) a 96-
LC50 of 17.3 μg L
−1 AgNO3 was reported (Holcombe et al., 1983).
he measured Ag+ concentrations of 9.25–70.9 μg L−1 are in a
imilar range as in the present T/D study and may indicate a po-
ential toxicity towards this organism. The German environmental
uality standard (EQS; intended to protect the majority of species)
or silver levels in surface waters is even 0.02 μg L−1 (total silver;
GewV, 2011). Above the EQS adverse effects on sensitive organ-
sms cannot be excluded.
In environmental waters are much more factors than in the lab-
ratory tests conducted here which could inﬂuence the formation
f ionic silver or precipitates and agglomerates (Loza et al., 2014).
or example, natural waters contain organic carbon. The concentra-
ion of organic carbon probably inﬂuences the transformation and
issolution of AgNPs “and can also result in altered bioavailabil-
ty and toxicity of AgNPs” (Unrine et al., 2012). The absence of or-
anic carbon leads to a higher concentration and bioavailability of
g+ in the aquatic media. Moreover, the nanoparticles themselves
e.g., size or surface quality) can inﬂuence the T/D behavior. Ag-
regation effects with different coatings could play an important
ole (Tejamaya et al., 2012). For example, Coleman et al., 2013 ob-
ained different results for the dissolution of AgNPs with various
oatings.
. Conclusions and outlook
In this study the standardized OECD (2001) transforma-
ion/dissolution protocol was successfully applied to AgNPs. The
esults show that the testing of NM-300 K AgNPs in media sim-
lating environmental conditions only leads to a low silver ion
oncentration, in the presence of 7.23 mg L−1 Cl− at pH 6 and
45 mg L−1 Cl− at pH 8. The data provide valuable informa-
ion about the environmental behavior of AgNPs. The calculated
mounts of released Ag+ of 2.3 and 2.8% (Table 1) seem to be the
aximum transformation and dissolution under the applied con-
itions. At higher loadings the formation of silver ions decreases,
ossibly due to effects like saturation (maximum solubility of Ag+
nder the applied conditions).
In further experiments the inﬂuence of higher chloride levels at
H 6 should be studied, too. However, here the media were ap-
lied following the OECD (2001) transformation/dissolution proto-
ol. The standardized waters applied contained deﬁned amount of
ons but did not include organic matter. In future tests, also the
onic strength and organic carbon concentration should be varied
t different pH values. Especially the strong binding of free ions by
rganic matter is well known. In ongoing studies, the determina-
ion of the toxicity of AgNPs in real environmental media is already
nder investigation.
It is challenging to compare different AgNPs with, e.g., dif-
erent coatings and diameters, in a diversity of liquid and en-
ironmental media. Here, the testing approach following the
ECD (2001) transformation/dissolution protocol may provide
common basis for comparison of data for different AgNPs.
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Znowledge on the behavior of AgNPs under deﬁned conditions is
equired for a reﬁned assessment of the fate of AgNPs released to
he environment.
Although according to the OECD 29 document a separate ad-
ustment of pH and ionic strength is not requested the study re-
ults as well as literature data prove that these two parameters
hould be considered separately. The application of a ﬁxed ionic
trength at both pH values would allow characterizing the effect of
he pH on transformation/dissolution of test compounds.
The aggregation of silver nanoparticles and precipitation of sil-
er is a general challenge during testing of these materials. The
tudy data, in particular the decrease of silver <0.2 μm over time,
ndicate rapid aggregation as well as precipitating of AgNPs and
ilver, respectively. The applied OECD 29 document was not devel-
ped speciﬁcally for testing nanomaterial and therefore does not
over more appropriate analytical methods for nanoparticles like
.g. nano tracking analysis (NTA) or electron microscopy for inves-
igation of agglomeration processes.
eferences
ngel, B.M., Batley, G.E., Jarolimek, C.V., Rogers, N.J., 2013. The impact of size on the
fate and toxicity of nanoparticulate silver in aquatic systems. Chemosphere 93
(2), 359–365. http://dx.doi.org/10.1016/j.chemosphere.2013.04.096.
one, A.J., Colman, B.P., Gondikas, A.P., Newton, K.M., Harrold, K.H., Cory, R.M., Un-
rine, J.M., Klaine, S.J., Matson, C.W., Di Giulio, R.T., 2012. Biotic and abiotic in-
teractions in aquatic microcosms determine fate and toxicity of Ag nanopar-
ticles: part 2-toxicity and Ag speciation. Environ. Sci. Technol. 46 (13), 6925–
6933. http://dx.doi.org/10.1021/es204683m.
hernousova, S., Epple, M., 2013. Silver as antibacterial agent: ion, nanoparticle, and
metal. Angew. Chem. Int. Ed. Engl. 52 (6), 1636–1653. http://dx.doi.org/10.1002/
anie.201205923.
hio, C.P., Chen, W.Y., Chou, W.C., Hsieh, N.H., Ling, M.P., Liao, C.M., 2012. Assessing
the potential risks to zebraﬁsh posed by environmentally relevant copper and
silver nanoparticles. Sci. Total Environ. 420, 111–118. http://dx.doi.org/10.1016/j.
scitotenv.2012.01.023.
oleman, J.G., Kennedy, A.J., Bednar, A.J., Ranville, J.F., Laird, J.G., Harmon, A.R.,
Hayes, C.A., Gray, E.P., Higgins, C.P., Lotufo, G., Steevens, J.A., 2013. Comparing
the effects of nanosilver size and coating variations on bioavailability, internal-
ization, and elimination, using Lumbriculus variegatus. Environ. Toxicol. Chem.
32 (9), 2069–2077. http://dx.doi.org/10.1002/etc.2278.
IN 32645, November 2008. Chemical Analysis – Decision Limit, Detection Limit
and Determination Limit under Repeatability Conditions – Terms, Methods,
Evaluation. Beuth Verlag GmbH.
l Badawy, A.M., Silva, R.G., Morris, B., Scheckel, K.G., Suidan, M.T., Tolaymat, T.M.,
2011. Surface charge-dependent toxicity of silver nanoparticles. Environ. Sci.
Technol. 45 (1), 283–287. http://dx.doi.org/10.1021/es1034188.
abrega, J., Zhang, R., Renshaw, J.C., Liu, W.T., Lead, J.R., 2011. Impact of silver
nanoparticles on natural marine bioﬁlm bacteria. Chemosphere 85 (6), 961–966.
http://dx.doi.org/10.1016/j.chemosphere.2011.06.066.
eiss, S., Einax, J.W., 2001. Comparison of detection limits in environmental
analysis–is it possible? An approach on quality assurance in the lower working
range by veriﬁcation. Fresenius J. Anal. Chem. 370 (6), 673–678.
andy, R.D., Cornelis, G., Fernandes, T., Tsyusko, O., Decho, A., Sabo-Attwood, T.,
Metcalfe, C., Steevens, J.A., Klaine, S.J., Koelmans, A.A., Horne, N., 2011. Eco-
toxicity test methods for engineered nanomaterials: practical experiences and
recommendations from the bench. Environ. Toxicol. Chem. 31 (1), 15–31. http:
//dx.doi.org/10.1002/etc.706.olcombe, G.W., Phipps, G.L., Fiandt, J.T., 1983. Toxicity of selected priority pollu-
tants to various aquatic organisms. Ecotoxicol. Environ. Saf. 7, 400–409. http:
//dx.doi.org/10.1016/0147-6513(83)90005-2.
ent, R.D., Vikesland, P.J., 2012. Controlled evaluation of silver nanoparticle dissolu-
tion using atomic force microscopy. Environ. Sci. Technol. 46 (13), 6977–6984.
http://dx.doi.org/10.1021/es203475a.
lein, C.L., Comero, S., Stahlmecke, B., Romazanov, J., Kuhlbusch, T.A.J., Van Doren, E.,
De Temmerman, P.J., Mast, J., Wick, P., Krug, H., Locoro, G., Hund-Rinke, K.,
Kördel, W., Friedrichs, S., Maier, G., Werner, J., Linsinger, Th., Gawlik, B.M.,
2011. NM-Series of Representative Manufactured Nanomaterials – NM-300 Sil-
ver Characterisation, Stability, Homogenity. European Commission, Joint Re-
search Centre, Institute for Health http://dx.doi.org/10.2788/23079.
ee, Y.J., Kim, J., Oh, J., Bae, S., Lee, S., Hong, I.S., Kim, S.H., 2012. Ion-release kinetics
and ecotoxicity effects of silver nanoparticles. Environ. Toxicol. Chem. 31 (1),
155–159. http://dx.doi.org/10.1002/etc.717.
evard, C., Hotze, E.M., Lowry, G.V., Brown Jr., G.E., 2012. Environmental transfor-
mations of silver nanoparticles: impact on stability and toxicity. Environ. Sci.
Technol. 46 (13), 6900–6914. http://dx.doi.org/10.1021/es2037405.
evard, C., Mitra, S., Yang, T., Jew, A.D., Badireddy, A.R., Lowry, G.V., Brown Jr., G.E.,
2013. Effect of chloride on the dissolution rate of silver nanoparticles and toxic-
ity to E. coli. Environ. Sci. Technol. 47 (11), 5738–5745. http://dx.doi.org/10.1021/
es400396f.
iu, J., Sonshine, D.A., Shervani, S., Hurt, R.H., 2010. Controlled release of biologically
active silver from nanosilver surfaces. ACS Nano 4 (11), 6903–6913. http://dx.
doi.org/10.1021/nn102272n.
iu, J., Pennell, K.G., Hurt, R.H., 2011. Kinetics and mechanisms of nanosilver oxy-
sulﬁdation. Environ. Sci. Technol. 45 (17), 7345–7353. http://dx.doi.org/10.1021/
es201539s.
oza, K., Diendorf, J., Sengstock, C., Ruiz-Gonzales, L., Gonzalez-Calbert, J.M., Vallet-
Regi, M., Köller, M., Epple, M., 2014. The dissolution and biological effects of
silver nanoparticles in biological media. J. Mater. Chem. B 2, 1634–1643. http:
//dx.doi.org/10.1039/c3tb21569e.
avarro, E., Piccapietra, F., Wagner, B., Marconi, F., Kaegi, R., Odzak, N., Sigg, L.,
Behra, R., 2008. Toxicity of silver nanoparticles to Chlamydomonas reinhardtii.
Environ. Sci. Technol. 42 (23), 8959–8964. http://dx.doi.org/10.1021/es801785m.
ECD, 2001. OECD Series on Testing and Assessment Number 29. Guidance Docu-
ment on Transformation/Dissolution of Metals and Metal Compounds in Aque-
ous Media ENV/JM/MONO(2001)9. 2001 Jul 23.
GewV, 2011. Verordnung zum Schutz der Oberﬂächengewässer. Ober-
ﬂächengewässerverordnung – OgewV; Oberﬂächengewässerverordnung vom 20
Juli 2011 (BGBl. I S. 1429); 20. Juli 2011.
atte, H.T., 1999. Bioaccumulation and toxicity of silver compounds: a review. Envi-
ron. Toxicol. Chem. 18 (1), 89–108. http://dx.doi.org/10.1002/etc.5620180112.
keaff, J.M., Hardy, D.J., King, P., 2008. A new approach to the hazard classiﬁcation
of alloys based on transformation/dissolution. Integr. Environ. Assess. Manag. 4
(1), 75–93. http://dx.doi.org/10.1897/IEAM_2007-050.1.
keaff, J., Adams, W.J., Rodriguez, P., Brouwers, T., Waeterschoot, H., 2011. Advances
in metals classiﬁcation under the United Nations globally harmonized system of
classiﬁcation and labeling. Integr. Environ. Assess. Manag. 7 (4), 559–576. http:
//dx.doi.org/10.1002/ieam.194.
ejamaya, M., Römer, I., Merriﬁeld, R.C., Lead, J.R., 2012. Stability of citrate, PVP, and
PEG coated silver nanoparticles in ecotoxicology media. Environ. Sci. Technol.
46 (13), 7011–7017. http://dx.doi.org/10.1021/es2038596.
nrine, J.M., Colman, B.P., Bone, A.J., Gondikas, A.P., Matson, C.W., 2012. Biotic and
abiotic interactions in aquatic microcosms determine fate and toxicity of Ag
nanoparticles. Part 1. Aggregation and dissolution. Environ. Sci. Technol. 46 (13),
6915–6924. http://dx.doi.org/10.1021/es204682q.
hang, W., Yao, Y., Sullivan, N., Chen, Y., 2011. Modeling the primary size effects
of citrate-coated silver nanoparticles on their ion release kinetics. Environ. Sci.
Technol. 45 (10), 4422–4428. http://dx.doi.org/10.1021/es104205a.
ook, J.M., Long, S.E., Cleveland, D., Geronimo, C.L., MacCuspie, R.I., 2011. Measur-
ing silver nanoparticle dissolution in complex biological and environmental ma-
trices using UV-visible absorbance. Anal. Bioanal. Chem. 401 (6), 1993–2002.
http://dx.doi.org/10.1007/s00216-011-5266-y.
